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Introduction
1.1 General information of skeletal muscle fibres
Frog semitendinosus muscle (Figo1-1A) is one kind of skeletal
muscle which is made up of muscle fibres (Tig.1-1 B). A single
muscle fibre (Fig.1-1C) is made up of rayofibrils., Along a
single myofibril (Fig.1-1D), repeating pattern of light and
dark bands can be observed. A single unit of this pattern
(Fig.1-1E), starts with a Z-line, follows by one-half of an
I-band, then an A-band which is divided at the middle by an
H-zone, and ends with another half of I-band, is called a
sarcomere. The length of this unit is called the sarcomere
length..
A single skeletal muscle fibre is a bundle made up of
thousands of myofibrils with diameter about a micrometer. The
dimension of a single fibre depends on the number of myofihrils
in a bundle. Typical single fibres have a diamater of about
50- 100 micrometers.
Undor a powerful light microscopo, regular alternation
of dense bande (called A-bands) and lighter bards (called I-
bands) can be observed. The length of one of its A-bands is about
l.5um and that of the I-band is about O.8um. There is a dense
narrow line, the Z-line, bisects the I-band at the middle.










3it can be seen that the myofibril is made up of two kinds of
filament, one of which is twice as thick as the other. The
thicker filaments are about 100 angstroms in diameter and
1.5 um long the thinner filaments are about 50 angstroms in
diameter and 2 um long. Each filament is arranged in parallel
with other filaments of the same kind, and the thick and thin
filaments overlap for part of their length. It is this over-
lapping which gives rise to the different bands of the myo-
fibril: A-band consists of overlapping thick and thin filaments
1-band consists of thin filaments only,
1.2 Optical diffraction studies on sxeletal muscle fibres
when a skeletal muscle fibre is iiluminated with a beam of
coherent monochromatic light orientated perpendicularly to the
fibre axis, a spectrum of discrete lines of light can be
observed on a screen placed at right angle to the incident
beam axis. Fig.1-2 is a typical diffraction spectrum of a
single frog semitendinosus fibre illuminated by a He-Ne laser
with wavelength of 632.8 nm. This spectrum is generally inter-
preted as a diffraction phenomenon generated by the difference
in relative refractive indices of the regularly repeating A.
and I-bands. According to this interpretation, the fibre
behaves as an optical phase grating. The early investigation
on whole sartorius frog'muscle and single fibre revealed
that the diffraction line spacing can be predicted from the
4Fig. 1-2 Typical diffraction spectrum of a single
semitendinosus fibre illuminated by a
He-Ne laser.
5one dimensional grating equation:
(1- 1)
where d= the grating constant or sarcomere length
9= the diffraction angle
n= diffraction line order
A= wavelength of the light source
The measurement of the separation of diffraction lines
is often used to determine the sarcomere length of a muscle
fibre. Furthermore, the sarcomere length dispersion, which was
observed with light microscope, can be deduced from the diffr-
action linewidth. Kauai and Kuntz (1973) measured the diffr-
action linewidth in small (two to nine fibres) resting semi-
tendinosus fibre bundles and found that the sarcomere length
dispersion was 1-2%. Sarcomere length dispersion measurements
in single skeletal muscle fibres and fibre bundles were repeated
by Paolini et al (1976). Their measurements reveal that the
sarcomere length dispersion wa 2.1%± 0.8% along the length of
a single fibre. Light microscopic measurements on sarcorere
length dispersion performed by them are in excellent agreement
with the diffraction measurements.
However, the diffraction spectrum containsmuch more
information than the magnitude of the grating constant or the
sarcomere length. The intensities which characterize the
different diffraction orders and the intensity along the
diffraction line can reveal details of the fibre structure.
6The one dimensional grating equation (1-1) is inadaquate to
account for the complex diffraction pattern. The three dimensional
Bolduan (1950), Fujime and Yoshino (1978), and Yeh et al (1980)
in calculating the diffraction intensities. The scattering field
of a striated cylinder was considered by ear and Bolduan (1950)
for three cases: (1) the smooth cylinder, whose radius is every-
where constant; (2) the corrugated cylinder whose radius is a
periodic function of position along the cylinder with the same
period as the axial density variations and (3) the compound
cylinder, which is composed of thin, parallel, smooth cylinders
displaced axially from perfect transverse matching of their
identical axial density fluctuations. The diffraction intensity
of a smooth cylinder is first given by Bear and dolduan (1950):
(1- 2)I
where (1- 3)
is said to be the fibril density structure factor which accounts
for the periodic axial structure of the cylindrical bodys. " k "
and "k'" is related to the incident and scattered propagation
vectors. R is the radius of the fibre. N and S are the number and
length of the repeating unit, respectively. N(z) is the density
function of the fibre along the fibre axis.
Fujirne and Yoshino (1978) adopted Bear and Bolduan's result,
structure properties of the fibre was considered by Bear and
7They derived an intensity expression for a single myofibril by
assuming that every myofibril is composed of sarcomere units
with equal length and all myofibrils are in near register. {n
analytical form for the fibril density structure factor have
been worked out by considering the refractive indices of the
thin (I-band)-filaments, thick (A-band) filaments, and the
z-line of each individual sarcomere unit. However, they have
considered neither the consequence of sarcomere length dispersion
nor the optical interference of the myofibrils within the single
fibre.
The left and right diffractions from a single skeletal
fibre generally display difference in pattern and intensities.
Moreover, when the laser spot is scanned along the fibre axis,
the intensities of the diffraction lines of various orders show
wide fluctuations. These findings are difficult to explain on the
basis of the ideal model proposed by iujine and Yoshino (1978)
in which they predicted the intensities are identical for left
and right diffraction lines,.
The difference in light intensities between left and right
diffraction lines was reported by iudel and Zite-.erenczy (1979).
They noticed that the asymmetry of light intensities in left and
right spectral lines was reversed .hen the fibre was rotated by
1800. In order to explain their observation, they cuggested that
the diffracting units of the fibre, the myofibrils, were not
randomly displaced parallel to the fibre axis, but aligned
8regularly. The sarcomeres of these regularly aligned myofibrils
act like lattice points of a crystal and form various types of
Bragg reflection planes. Therefore, they assumed that Bragg
reflection planes existed within a single fibre They also assumed
that there were different populations of lattice planes of different
tilt to allow reflection to occur both to the left and to the
right of the incident laser beam. According to their assumption,
the difference in the light intensities of the left and right
diffractions could be explained by the different populations of
different reflection planes.
A quantitative analysis for the difference in intensities
of the left and right diffraction lines was discussed by Yeh et
al (1980).-The complete three dimensional geometry of the fibre
was taken into consideration. They considered that the single
fibre was a bundle of myofibrils, each myofibril was composed
of identical sarcomere units. The sarcomeres of the myofibril
were taken as the basic repeated unit. The relative refractive
index of different bands of the Parcomere unit ::as represented
by their so-called macroscopic dielectric fluctuation function.
They decomposed the macroscopic dielectric fluctuation function
into Fourier components. Each Fourier component gave rise to the
corresponding order of diffraction line. The intensity was
analyzed for three proper phasing of myofibrils: (1) all myofibrils
were aligned with their light and dark bands (2) myofibrils were
displaced randomly with respect to adjacent myofibrils (3) myo-








Fig.1-3 Diagrame of a skewed arrangement of myofibrils,
each of which is composed of identical sarcomeres
of length S.
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the last case, a particular skew plane generated by the myofibrils
is assumed to exist. The skew plane gives the additional Bragg
reflection which occurs at certain specific sarcomer e lengths,
and this gives the difference in intensities for left and right
diffraction lines. In Yeh's model, the most important assumption
is that all myofibrils are composed of identical sarcomeres with
equal length, and the myofibrils are hexagonally packed and
regularly displaced in the axial direction with- respect to the
neighboring myofibrils. This assumption allows the formation of
skew diffraction planes.
Though the existence of Bragg reflection planes can explain
the difference in the left and right diffraction intensities, there
is no evdience to support the ideal assumption that myofibrils
will arrange in such a regular way so that the sarcornere could be
considered as lattice points of a crystal.. In fact, the existence
of sarcomere length dispersion in the single fibre would disfavor
the possibility of the presence of idealized reflection planes
proposed by Rudel and Zite-Ferenczy and skew diffraction planes
by Yeh et al. Moreover, some measurements based on light microscope
show that the distribution of the myofibrils inside a single fibre
is rather random.
All of the previous diffraction models for single fibre are
too ideal to explain the experimental observations„ Therefore, there
is a great need for a new diffraction model which can do away with
the ideal assumptionsof the previous models but still can explain
all the experimental observations. The following observations of the
diffraction phenomenon of a sil:gle fibre may be the most important
11
information that can be used to determine the geometrical
structure of a single fibre and to construct a new diffraction
model: (1) the observations of Kawai and Kuntz (1973) and Paolini
et al (1976) showed that the fundamental building block the
sarcomere unit- of a fibre has length dispersion of 1-2% within
a single fibre; (2) the difference in intensities of left and
right order diffraction lines observed by Rudel and Zite-Ferenczy
and other researchers; (3) the fine structure of the diffraction
pattern in the meridional plane, the plane which contains the
fibre and the incident laser beam.
1.3 Aim of this thesis
The difference in left and right diffraction intensities can be
explained by the Bragg reflection model proposed by Rudel and
Zite-Ferenczy and skew plane model by Yeh et al. IHo vrever, the
basic assumption of these two model i.e. myofibrils are composed
of identical sarcomere units, is contradictary to the existence
of sarcomere length dispersion reported by Kawai and Kuntz and
Paolini et al. Furthermore, all the previous models(Fujime (1975),
Fujime and Yoshino (1978), and Yeh et al (1980)) cannot explain
the existence of the fine structures of the diffraction lines in
the meridional plane. Therefore, we intend to construct a new
diffraction model for a single fibre which can explain all the
exprimental observations which were described in the previous
section.
The diffraction intensity expression given by Fujime and
12
Yoshino (1978) was too simple because they considered neither
the consequence of sarcomere length dispersion nor the optical
interference of the myofibrils within the single fibre. However,,
their method can be further developed to include the sarcomere
length dispersion and relative phasing of myofibrils. Therefore,
in this thesis, the method of Fujirae and Yoshino (1978) is
further developed to obtain a more complete and realistic
light diffraction model for a single fibre by including sarcomere
length dispersion and the optical interference of the myofibrils
within the single fibre. In our theoretical discussion, the
sarcomere unit is considered to be the basic scattering unit, an
analytical form for the scattering amplitude of a sarcomere unit
is then given.
Firstly, it is easy to understand some characteristic light
diffraction phenomenon of a single skeletal fibre by considering
an ideal fibre model. An ideal fibre model is a model in which
the fibre is consisted of myofibrils in parallel and all myofibrils
are composed of identical sarcomere unit in series, The diffraction
intensity of an ideal fibre is treated completely in Chapter 3.
It is already pointed out that an ideal fibre model is impossible
to explained all the experimental observations, therefore, a more
realistic diffraction model, namely, the sarcomere length and
myofibrillar diameter dispersion model will be discussed in
Chapter 4 and Chapter 5.
In order to support our theoretical diffraction model, a
number of measurements on the diffraction intensity of a single
13
frog semitendinosus muscle fibre has been performed. The
experimental results are compared with the prediction from
our diffraction model and discussed in the corresponding
chapter. A final conclusion on the experimental results and
our diffraction model is given in Chapter 6.
Chapter 2fciii iLw




The diffraction spectrum generated by the difference in
refractive indices of the regularly repeating A~ and I-baiido
of skeletal muscle fibres lias been studied for a long time.
It ie not until the recent decade has the single skeletal
muscle fibre been studied. Kauai and Kuntz (1973) investigatedT'r
the sarcomere length dispersion of small fibre bundles from
the laser diffraction pattern of such fibre bundles. Sarcomere
length dispersion measurement of a single skeletal fibre was
first measured by Paolini et al (1976). Diffraction IntensityMWUliaft
dependence on sarcomere length of single skeletal fibre was
studied by Fujime (1975)i Hudel and Zite-Ferencay (1977) (1979)„
and (1980)i and Baskin et al (1979) Ideal Bragg reflection«MBdKL3»fflUU«C4»
planes by Rudel and Zite-Ferencsy and Skew diffraction plane
by Yeh et al (1980) were proposed to explain the observed'left
and right asymmetry in diffraction intensities
However, none of the above models is a realistic model
to explain the observation of the difference in intensities
of the left and right diffraction lines. Furthermore, the
fine structures within the diffraction lines cannot be predicted
from all proposed fibre diffraction models. Our formulation
of the new fibre diffraction model is based on the detailed
experimental study of the diffraction lines and the fine
structures of the diffraction lines of a single fibre. Therefore
the experiments described in this chapter are undertaken to
determine :
(1) the left and right order diffraction anglesQ and 0 ;Ij k
(2) the movements of the intensity subpeaks in the longitudinal
direction upon change in sarcomere length, or fibre length;
(3) the intensity ratio of the first maximum to that of the
first minimum of a diffraction line;
(k) the dependence of the diffraction pattern upon incident
beam wavelength.
The reasons for performing these experiments will be explained in
the following sections.
2.2 Materials and methodsmmmmmmin m»unym—mmm——ww—tmmof 1 » —«—hm
In order to avoid the optical interference between fibre and
fibre, only a. single fibre was used for the diffraction studies
throughout all the experiments. Frogs (Hana tigrina regulosa)
were killed by pithing the spinal cords. Single intact muscle
fibres from the dosal head of the.semitendinosus muscle were
isolated, and they were equilibrated in the normal frog Ringer
solution (Composition in grams per litre: NaCl, 6.73; KC1, 0.187;
CaCl , C.2; Na KPO, v 0.305; NaK PO, , 0.102) for about half or one2 Z a 2 H
hour before experimentation. Any slightest injury to the fibre in
the process of dissection would have shown up within this
period and the fibres were disposed. Single fibres of good
ouality were mounted in a specially designed fibre holder filled
with normal Ringer solution. The fibre holder, which was
horizontally positioned during experiments, consisted of a
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rectangular Lucite chamber with a glass bottom as in Fig.2-1
The fibre length could be set by a screw adjustment in both side
of the fibre holder. The fibre can be rotated along its longitu-
dinal axis by another screw attached to the screw adjustment.
The fibre holder was mounted horizontally on a x-y staged
The experimental set up is shovm in Fig.2-2. The laser beam
(Spectra-Physics Helium-Neon laser, model 136 and Spectra-Physics
model 16k .rgon-Krypton Ion laser) was aligned to strike the
muscle fibre normally after reflected from a frontally aluminium-
coated mirror. The laser beat, whose dimension was adjusted to
1 mm in diameter, could illuminated any Spot on the fibre by
adjusting the x-y stage.
The diffraction pattern of an illuminated spot on the fibre
was projected onto a screen or a film negative at 10 cm, 40 crm,
or 75 cm from the fibre. The diffraction patterns were recorded
by direct photography. Two kinds of diffraction patterns were
taken for measurements: (1) the central region of both zeroth-
and first-order lines were recorded in a single filim (2) the
whole zeroth- and first-order lines were recorded in a single
film. The intensity of the diffraction lines were plotted by
scanning the photographic films with a densitometer.
from the photographic film, which contains only the central
region of both zeroth- and first-order lines, the mean distance X.
between zeroth- and first-order diffraction lines was measured
with a travelling microscope. The mean sarcomere length S of





Fig.2-1 A fibre holder where SA: Screw adjustment
RS: rotational screw L: glass bottom.
Photosraohic film





Fig.2-2 Experimental set up.
(2,1)
(2,2)
where n = order of the dixira c tio n j.ine
9 = diffraction angle in the fibre
9 = diffraction angle in the Ringer solution
r
9 = diffraction angle in air
d = distance between the fibre and the Ringer solution
surface
D - distance between the Ringer solution surface and the
screen
X = incident laser wavelength in free space
= relative refractive index of the fibre
f
If the fibre is closed to the surface of Ringer solution, dO,
therefore, the mean sarcomere length of the fibre can be calculated
by :
(2-3)
where X can be the separation betveen the zeroth- and left
m
first-order line or right first-order linec
The left and right intensities of first-order lines were
obtained by scanning the photographic film with a densitometer,
rig.2-3 is a typical plot of the first order diffraction
intensity in the meridional plane and Fig.2-k is a. typical plot
of the intensity along the zeroth-order diffraction line.
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Fig.2-3 A typical plot of the first ordo diffraction
line in the meridional plane
21
Fig.2-4 A typical plot of the zeroth-order diffraction
intensity in the azimuthal plane.
It was found that a diffraction line contained several
intensity subpeaks when the diffraction pattern was projected
to a screen at a position greater than kO cm from the fibre.
This is because a farther observing screen have a higher
angular dispersion.
Diffraction intensity for different illuminated spots
on the same fibre were studied. For most illuminated spots
on the fibre, the transverse diffraction intensities of different
diffraction order decrease monotonically to zero at both ends
of the diffraction lines. However, there are always several
spots on each fibre where the transverse diffraction intensities
of different diffraction order showed distinctive maximum and
minimum. A typical diffraction pattern containing this
oscillations is shown in Fig. 2-Zf. The distance Xm between the
incident beam and the minimum intensity position of the zeroth-
order line was measured. Only spots which showed sharp diffraction
lines and prominent oscillations in the line intensities were
used in the measurements. The diffraction angle of the minimum




where D is the distance from the fibre to the screen. It was
found that 0 . increased when the fibre was stretched. The ratio
r mm
of the first maximum to that of the first minimum intensity in the
azimuthal plane were also measured for the zeroth-order diffraction
line.
o o
Upon changing the wavelength of incident beam ( Argon-
Krypton Ion Laser, Spectra-Physics model 160, the same illuminated
spots on the fibre gave the same features of diffraction pattern
Only the central region of zeroth- and first-order diffraction
lines were recorded in a photographic film The distance
between the intensity peaks and the incident beam were measured
25 Results
231 Measurements on the left and right diffraction angle
Consider a single fibre composed of myofibril in parallel
If the simple grating equation:
(2-5)
where S = sarcomere length
0 = diffraction angle measured from the incident beam
X = incident beam wavelength
n = diffraction order
is applicable to such a single fibre, the diffraction angle
should be the same for the left and right diffraction order
This can be checked experimentally by measuring the left and right
order diffraction angles and © • If X and are the separations
between the seroth- and left and right first-order diffraction
lines respectively, then the diffraction anglesand can be
calculated according to eq.(2-3). Since the first-order diffraction
line has linewidth, and the diffraction line is not a simple
gaussian shape, therefore the centre of gravity of the diffraction
line was taken as the average position of the diffraction line.
The experimental values of XT and X are the distances between
the incident beam and the average position of the left and
right first-order diffraction lines respectively. Three single
frog semitendinosus fibres were used to obtain five diffraction
spectra and the left and right diffraction angle was measured.
The results are tabulated in Table 2-1.
The experimental error for the left and right diffraction
angle measurement is less than 0.02° for 0 ranging from 10° to
20°. From Table 2-1, we can see that the left and right diffraction
angles are almost the same if the average left and right diffraction
intensities are approximately equal and the left and right
diffraction angles have a considerable difference if the average
intensities of left and right diffraction lines are greatly
different (Fig.2-5).
It is shown in Appendix E that if the fibre is not perpen¬
dicular to the incident beam, the left and right diffraction angles
will no longer equal. Therefore, the small difference in left and
right diffraction angle for sample 1 and 2 may be due to the small
misalignment of the incident beam to the fibre. It is shown in
Appendix E that one degree deviated from the normal incidence
condition, 0.05 degree difference in left and right diffraction
angles will result. Moreover, it was found that five degrees
deviated from the normal incidence condition, the difference in
left and right diffraction angle was 0.24°. This is close to
the theoretical prediction of 0.50° (Appendix E). Therefore,
Table 2-1
Measurements on the left and right first-order diffraction




























Intensity ratio of the left and right diffraction lines.













Fig.2-5 r-Phe left and right first-order diffraction intensity
of a single frog seraitendinosus fibre when illuminated
by an laser beam with wavelength = 63232. The
difference in and 0 is 0.24 and the intensity
ratio
we can concluded that the left and right diffraction angles are
equal for normal incidence
2.3.2 Measurements on the movements of the intensity subpeaksul»iiwwurn,wnma—i «iiinmn—iOTh.ii'B1'il f n«ilirfT-.iifgniiiTTaTH'!ffHWTti»«fniiTirn.m.1Wii ul i'iWi—inm .rp«.hiihihwhihW—Lininmummum?ir minirvmrinf.irrrii-1mir-f.rimir nr1r—nr
within a diffraction line in the longitudinal directionWIIHHIHIIWIimwmpill'iIIMI»i imhinullum.I»I—miwilili n nni.miiniihumiIII I.IIIIHHIiltmmiirnriimmnriiiiririniin-TinnnirinmrInnrinmrnnifnnttmini~nil imlmiriii itntiawiMMBBimBfca—ri nfi i irilrr
upon change in sarcomere length
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Diffraction patterns for different sarcomere lengths for the
same illuminated spot on a fibre vere recorded on a photographic
film placed f0 cm or 70 cm from the fibre. The intensity of a
diffraction line in the longitudinal or the meridional plane,
the jlane which contains the incident beam and the fibre, shows
many peaks. Each peak corresponds to a diffraction order line.
However, when using a high resolution film to record the
diffraction spectrum, we found that each diffraction line contains
many subpeaks with comparable intensity (Fig.2-6). The origin of
these diffraction subpeaks within each diffraction line is not know
yet. Moreover, we found that the diffraction subpeaks displaced• »U
slightly vhen there is a small change in fibre length, or consequently
the mean sarcomere length. We also found that each subpeaks can be
identified before and after the length change. Since the separation
between the centroids of the main peaks and the undiffracted laser
beam have been frequently used to determine the mean sarcomere length
of a fibre by equation (2.5). Therefore, if we use the separation
between each subpeak and the incident beam in equation (2.3), a set of
differenc sarcomere lengths can be obtained, iience, it would be possible
that the intensity subpeaks are an indication of the existence of
myofibrillar subpopulations vith difi©rent mean sarcomere length
Fig,2-6 First-order diffraction line obtained by direct
photography. Diffraction subpeaks exist in the
diffraction line.
in a single fibre. The assumption that each subpeak comes
from differentsubpopulation of myofibril with different saicomero
length can be checked experimentally by the following method:
if the initial and final mean sarcomere length of two population
myofibrils are CS ) and i.e. the mean sar¬
comere length before and after fibre length change respectively,
then according to Fig.2-8, the ratio sn,-js1 ffi-| an Sri]2'm2
should be equal.
The mean sarcomere lengths obtained for corresponding
diffraction subpeaks before and after length change for four
sample fibres are given in Table 2-2. The accuracy for the
measured mean sarcomere length is -0.004 im. This gives an
absolute error of 0.003 to the ratio of the mean sarcomere
length SS'.
From Table 2-2, we found that the ratio SS' is equal within
experimental error. Therefore, we can conclude that the subpeaks
are comes from different myofibrillar subpopulation with different
mean sarcomere length.
2.33 Measurements of the intenstiy ratio of the first maximumW»i ——I IIIII II I—mummil 1 ——»! —WWtiiWanriirenv-unMaJWILianiii..
to that of the first minimum of a diffraction linemm,rn, i rr i gmmmmmmmIII ii-wlwii.. wmh.mww'UOTWH.MWWW.aM.imww.Miturn, mmmmmrnm.miw.n n »wm»..n
There are always several spots on a single fibre where the trans¬
verse diffraction intensity shows distinctive maximum and minimum.
This characteristic oscillation can be explained by the cylindrical
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Measurements on the ratio of the mean sarcomere length of














































chapter • However, there are also spots on a single fibre where
the transverse diffraction intensity decayed rnonotonically to
zero on both sides of the diffraction line. There are also spots
where the transverse diffraction intensity pattern has a shape
between the above two extreme cases. It will be shown in the
following chapter that the minimum intensity position is related
to the myofibrillar diameter, and the shape of the transverse
diffraction pattern is related to the myofibrillar diameter
dispersion. Therefore, the ratio of the first maximum to that
of the first minimum intensity will give some information about
the myofibrillar diameter. This is the reason for our study of
the transverse diffraction intensity.
The transverse zeroth-order diffraction intensity was
recorded in a photographic film. The transverse intensity was
scanned on a densitometer. The ratio of the first maximum to that
of the first minimum intensity was calculated from the scan. Three
samples are given in Chapter 5 Fig.5-1 1 to Fig.5-3- Detail
discussion on the results are given in Chapter 5®
2.3. Measurements on the diffraction intensity subpeaks withVMMTW1I..»|—IIII|IIH«I..Ii.I III) II imroi.in mi. Jtasn.VgK - CJ 1
an Argon-Krypton laserW--T-i—rwmr»T«r«nMTTirTTiTrTTir(TW-ir-fwrTiOTMrwTi«rr««rii-r..r»Mn»M.iiEim.
If the diffraction subpeaks within each diffraction line are due
to the diffractions of sarcomeres of different length, we should
Myofibrils are considered as smooth cylinder.
obtain as many subpeaks within the same order line for an
incident beam of a different wavelength. To verify this
assumption, the diffraction patterns for beams with different
wavelength were recorded on a photographic film placed at a
distant kO cm from the fibre. Fig.2-7 shows the central region
of the first order diffraction line of three incident beams with
wavelength -965X5 and -5$ It can be seen that
the major appearence of the three diffraction patterns are almost
the same.
The diffraction intensity in the longitudinal direction
(i.e. the direction which along the fibre axis) was scanned on a
densitometer and plotted by a plotter. The distance between each
subpeaks and the incident beam were measured, le used this distance
as the X in equation (2.2) and a sarcomere length was obtained
according to equations (2.1) and (2.2). The sarcomere length
calculated for the diffraction subpeaks of the same diffraction
line with different incident beams are given in Table 2-3.
In Table 2-3, the accuracy of. the measured sarcomere length
is ~0m00h jum. From Table 2~3, we found that the corresponding
subpeaks of the two diffraction pattern ( wavelength of the
incident beams are 965° and A2= 51k5 ) gives the same
sarcomere length. These results again support our assumption that
each subpeak comes from the diffraction of sarcomeres of
different lengths.
Fig•2-7 The central






Measurements on the sarcomere length for the corresponding




























2.H Conclusioninm»ii inmmaw—Miiinniiiin— w
The measured value of the left and right diffraction confirmed
that the simple grating equation (eq.2-5) is applicable in
determining the sarcomere length from the left or right diffraction
line spacing The peaks movement measured in section 2.3«2 agrees with
the assumption that the subpeaks come from different myofibrillar
subpopulation with different mean sarcomere length. The results
obtained form the wavelength dependent of the diffraction intensity
further support the above assumption. The interpertation on the
results of the intensity ratio measurements in section 2.33 will




It can hardly believe that strictly regular structure exists in
a biological system with dimension gr eater then the molecular
scale. We think that it is sufficiently simple to allow all
physical ideas to be very easily understood by considering the
ideal fibre diffraction model. In the ideal fibre diffraction
model, a single fibre is regarded to be composed of identical
myofibrils in parallel and each myofibril is composed of
identical sarcomeres in series as shown in Fig.3-1.
Consider the geometry of Fig-3-2, where a single myofibril
with its axis aligned along the z-axis. The incident light is
propagating along the y-axis with wave vector where
no and o are the average index of refraction and the incident
wavelength in free spaces. Consider a myofibril with a density
variation function N(r), where r is within the myofibril volume,
then within the frame work of dipole approximation, the scattering
intensity in the direction ( ) is given by
I I (3.1)o











Fig-3-1 An ideal fibre consists of myofibrils in parallel.




Fig 3 -1A An ideal fibre with myofibrils in parallel and each
myofibrils is composed of identical sarcomeres. The













Fig.3-2 Diagram of an ideal myofibril aligned with axis
along the z-direction. Incident vavevector, k , is
o
along y-direction, and scattered v;avevector, s
is at angle(@§| ) with respect to the fibrei
origin.V--
and
4- s ,-s. v sTht r v
13«)
For the myofibril under consideration, the density function have
axial symmetry, therefore it depends on z only and can be written
as N(z). Combing equation (3»0 and (3«'0, the diffraction
intensity in the direction ( □ • 1, ) is given by:
(3.5
where L - illuminated region of the fibre
a - radiusof the myofibril
The (' , p ) integration leads to the well-known expression for the
scattering bv a homogeneous cylinder:
(3.6;
whore is the Bessel function of first order. The z-integration
integrates over the dimension of the illuminated region of the fibre
It can be decomposed into integration of each sarcomere unit. If
there are n sarcomere units which are illuminated by the laser
spot, then the integration can be written as:
(3.7)
For an ideal myofibril, all composite sarcomere unit have equal
sarcomere length S, equation (37) becomes :
(37)
For simplicity, let the centre of the first sarcomere unit in the
origin, hence, the z-integration is integrated from -S2 to L-S21
equation (37) becomes :
(38)




An explicit analytical expression of the integration A(s) can
be obtained by considering the density along the fibre axis
(z-axis) in thin (I-band) and thick (A-band) filaments which are
denoted by n (z) and n (z) (see Fig.3-3) respectively. DecomposingJ. A
A(S) into an integration involving the thin and thick filaments,
we get :
(3.10)
where 2a = length of the thin filaments
b - length of the thick filaments.
The density of the thin and thick filaments are assumed to be constant,
ny and n are independent of z, After integration, we get :
(3.11)
Combining with th integration, the scattering amplitude




F(S) is called the structure factor of a sarcomere unite The
This can be generalized to include the effect of the present












A sarcomere unit, where A: thick filament; I: thin filament;
2: z-line; n : density of thick filaments; n • density of
thin filaments.
diffraction intensity of an ideal single myofibril is :
(3.1)
3.2 Calculations on the diffraction intensity of an ideal single
myofibril
2 • 2
From equation (3.10 the term sin (nqr,S2)sin (qrS2) gives thez z
intensity variation in the meridional plane, the plane which
contains the incident light beam and the fibre
Intensity maximum will occur at:
(3.15)
where (3.16)
and Q is the diffraction angle»
With equations (3®15) and (3.16), we obtain the equation
which determines the peak position 'in the meridional plane as :
(3.17)
This is the one-dimensional grating equation given in chapter 1
equation (1.1).
The linewidth of each diffraction line is governed by the
sine-term. For a single myofibril with 3p0 sarcomere units being
illuminated by an incident laser beam with an wavelength of
0.6328 pm$ the linewidth of the first-order diffraction line at
3=2.8 jim is about 0.02°. On the other hand, the structure
factor of the sarcomere unit gives the diffraction intensity
variation in the azimuthal planes, the plane which perpendicular
to the fibre axis. The A(S) of the structure factor remains
constant if the diffraction angle 0 is fixed® Under this
condition, the intensity variation in the azimuthal plane (or
within a diffraction line) depends only on the Bessel function
term. The diffraction intensity variation in the azimuthal plane
have been calculated and plotted for different myofibrillar
diameter with nn=3? a=1®G pun and b=16 jinu The first-order
diffraction intensity of myofibril with different myofibrillar
diameter have been plotted in Fig.3- and Fig.3-5® Fig.3-5A shows
both sides of the first order diffraction intensity of a myofibril.
From Figs.3- and 3-51 it can be seen that the intensity
shows distinctive maximum and minimum. The position of the maximum
or minimum intensity depends on the myofibrillar diameter (see
Appendix 3). In summary, the sarcomere length and the diameter
of a myofibril are displayed in the diffraction spectrum when the
myofibril is illuminated by coherent monochromatic light.
3.3... Diffraction intensity of an ideal single fibre
Consider the diffraction intensity of an ideal single fibre with
N identical myofibrils in parallel. From equation (3.12), the
0,1
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Fig,3- First-order transverse diffraction intensity of an
ideal myofibril. The diameter of the myofibril and
the wavelength of the incident beam are taken as
1,3 pm and 0,6328 urn respectively. The intensity
is normalized to one at
0.17
0.85
5° 60° 55° 50° hy ° 40°
Fig.3-5 First-order transverse diffraction intensity of an
ide al myofibril. The diameter of the myofibril and
the wavelength of the incident beam are taken as
1.0 um and 0.6328 um respectively. The intensity
is normalised to one at
.34
).17
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Fig.3-5A First-order transverse diffraction intensity of an ideal
myofibril. The diameter of the myofibril and the wavelength
of the incident beam are taken as 10 nm and 0,6328 urn
1 respectively. The intensity is normalised to one at ;
scattering amrlitude due to these N myofibrils bundle is :
(3 a 18)
where r is the position vector of each myofibril. Since we assume
m
that each myofibril is identical, the scattering amplitude of a
myofibril is independent on m Therefore, equation (3• 18) can be
separated into two parts, namely, the interference term and the
myofibrillar term as :
(3.19)
On evaluating the interference term, we need information about the
reference position of each myofibril inside the fibre. There are
two kinds of displacement, namely, the transverse and longitudinal
displacement with respect to the fibre axis, that a myofibril can
displace relative to a reference myofibril. The transverse
distribution of myofibrils inside a single fibre is considered in
»
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(1) regular rectangular array packing enveloped by a circle
as shown in Fig.3-bA;
(2) randomly displaced from the regular rectangular array
packing enveloped by a circle as shown in Fig.3-63,
The longitudinal arrangements are also considered for two extreme
cases:
(1) the light and dark bands of the myofibrils are well
a] i CTifirl 1A)«
Fig»3~6A SRA arrangement.,
ft
Fig.3-6B R.RRA arrangement(solid circles)
RjRA arrangement (dotted circles)
( 2) the p o e i t i o n o f 1 i g h t and d a r k b a n d. s r e 1 a t i v e t o a
reference myofibril are randomly displaced (Fig.3-1)
In the following calculations, we assume that a single
fibre consists of 9-9 myofibrils illuminated by an. laser
spot of 1 mm in diameter Diameter of each myofibril is taken
as There are about 360 sarcomere units which were being
illuminated if the sarcomere length is set at. 28
The diffraction intensities were calculated for the following
geometrical structure of an ideal fibre:
(D the light and dark bands of myofibrils were well aligned;
(2) the light and dark bands of myofibrils have a relative
displacement as a Gaussian distribution with zero mean
and standard deviation of about 10%;
(3) the light and dark bands of myofibrils were uniformely
displaced within the sarcomere length interval.
When the longitudinal position of myofibrils were located in an
regular rectangular array (RRA) enveloped by a circle as shown in
£
Fig.3-6A, the results for the above three fibre structure are
plotted in Fig.3-7A, 3-73 and 3-7C respectively If the location
of myofibrils were arranged in a randomized regular rectangular
array as shown in Fig.3-63, the results for the first and third
fibre structure are plotted in Fig.3-8A and 3-B.
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Fig.3~?A First-order transverse diffraction intensity of an ideal
myofibril (dotted line) an an ideal single fibre (solid
line) with RRA transverse and lingitudinal alignment
of the myofibrils. The diameter of the myofibrils and
the wavelength of the incident beam are taken as 1.0 )xm
and 0.6328 respectively. The intensity is normalized
to one at I =90° for both myofibrils and the single fibre.
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Fig,3~7B First-order transverse diffraction intensity of an ideal
myofibril (dotted line) and an ideal single fibre (solid
line) with H32A transverse and Gaussian longitudinal
arrangement of myofibrils. The diameter of the myofibril
and the wavelength of the incident beam are taken as
1.0 um and 0,6528 p.m respectively. The intensity is
normalised to one at = 90° for myofibril and the
normalization of the single fibre intensity is the same
as that of Fig. 3-7G.
65° qc° .50° k$° ko°
Fig,»3-7C First-order transverse diffraction intensity of an ideal
myofibril (dotted line) and an ideal single fibre (solid
line) with RRA transverse and uniform longitudinal
arrangement of myofibrils The diameter of the myofibril
and the wavelength of the incident beam are taken as
1«0 pm and 06328 pm respectivelye The intensity is









Fig3~7£ First-order transverse diffraction intensity of an ideal
myofibril (dotted line) and an ideal single fibre (solid
line) with rlUk transverse and uniform longitudinal arrangement
of myofibrils„ The diameter of the myofibril and the wavelength
• of the incident, beam are taken as 1.5 nm and 06328 jura
respectively The intensity is normalized to one at T - 90°
0.1
0.05
70° 65° 60° 55° 50° i. r-O ;,.04-U
Fig.3-8A First-order transverse diffraction intensity of an ideal
myofibril (dotted line) and an ideal single fibre (solid
line) with REBA transverse and longitudinal alignment
of myofibrils, The diameter of the myofibrils and the
wavelength of the incident beam are taken as 1,0 jam and
06328 respectively. The intensity is normalized to
one at 3? = 90°
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Fig.3-8B First-order transverse diffraction intensity of an ideal
myofibril (dotted line) and an ideal single fibre (solid
line) with HRRA transverse and uniform longitudinal
arrangement of myofibrils. The diameter of the myofibrils
and the wavelength of the incident beam are taken as
1.0 )im and 0.6328 p.m respectively. The intensity is
normalised to one at $ = 90°.
J«h Discussion and conclusion
The diffraction intensity of a single myofibril is symmetrical
to both and as shown in Appendix A This symmetry
property can be interpreted as the cylindrical symmetry of
the myofibril about the z-axis (or fibre axis) and the linear
symmetry about the x-y plane• The diffraction to the left and
to the right is equivalent for a myofibril since we can chose
the origin such that the myofibril is symmetrical to the x-y plane
However, the symmetry property of the left and right diffraction
intensity of a single fibre (or a myofibrillar bundle) will
depend on the relative arrangement of the light and dark bands of
the myofibrils. If myofibrils are not aligned as in Fig3-1i one
myofibril may be symmetrical to the x-y plane for a given origin
while the other myofibrils may not be symmetrical to the x-y
plane for the same origin If the light and dark bands of each
myofibril are aligned as in Fig3-1A, the single fibre will be
symmetrical to the x-y plane for a proper choice of the origin,
For example, if the origin is in the centre of a sarcomere unit,
the fibre is symmetrical to the x-y plane. In this case, the
diffraction intensity is symmetrical to © =v2, i.e. the left
and right diffraction lines are the same. For a single fibre
with non-aligned myofibrils, theoretical calculation shows
that the diffraction intensity is different for the left
and right diffraction lines. It is obvious that the difference
in,intensity for the left and right diffraction lines is solely
due to the misalignment of the light and dark bands of myofibrils
The theoretical diffraction patterns of an ideal myofibril
or a single fibre show sharp diffraction lines in the meridional
plane. The sarcomere length can be deduced from the spacing of
the diffraction lines in the meridional plane according to
equation (317)• This have often been used to determine the
sarcomere length of a fibre® On the other hand, distinctive
intensity oscillations occurs in the azimuthal plane
and 3-7C). The oscillation period, or the first minimum intensity-
position is directly related to the myofibrillar diameter. This
can be used to determined the diameter of the myofibrils. It is
given in Appendix B that the diameter of the myofibril and the
position of the minimum intensity in the azimuthal planes are
related by :
(320)
where x = argument of the mth se.ro of Oh(x)0 5
d = diameter of the myofibril
average refractive index of myofibrils
angle of the nth order diffraction line
angle ox tne men minimum miensiiy ox trie ntn uruer
diffraction line.
For a single myofibril of diameter 1 urn, the zeroth-order transverse
intensity occur at (where
The first-order transverse intensity minimum occur at
(see Appendix B).— -«» is decrease when the diameter is increased.
From Fig,3-4, we can see that the transverse intensity
variation is very smooth for a single myofibril. This smooth
intensity variation is due to the contibutions of the Bessel
function (x). From Fig.3-7C, violent fluctuation in theJ
transverse intensity can be observed for a single fibre® These
violent fluctuation is due to the interference of the myofibrils,
because the envelope of the diffraction intensity is the same as
that of the diffraction intensity of the myofibril.
The diffraction intensity of the first order for an ideal
fibre with aligned myofibrils (as in Fig.3-1A) was plotted in
Fig.3-9 There are oscillations with period about hOu, Moreover,
the oscillating intensity decays rapidly to zero after a few
cycles. In the calculation for the diffraction intensity in
Fig.3-9$ we have assumed that the single fibre was composed of
99 myofibrils distributed in a cross section area of yO pm in
diameter. If the light and dark bands of myofibrils ape aligned,
the appearence of this myofibrillar bundle is equivalent to that
of a larger myofibril with 50 jam in diameter. Since the first
minimum intensity is located at $ = 89.zf°, this equivalent to
a diffraction angle of 0.6°., This diffraction intensity minimum
angle corresponding to a fibrillar diameter of 50 pm according
to equation (3.20). It agrees with our assumption that the
fibre is about 50 pun in diameter. Therefore, the oscillations
in Fig.3-9 is not due to the interference between myofibrils.
This kind of oscillations is due to the overall diameter effect
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Fig3-9 First-order diffraction intensity of an ideal
fibre with aligned myofibrils. The fourth intensity
maximum is only 2% and the fifth intensity maximum
is only 05% of the zeroth intensity maximum.
The x-axis is the azimuthai angle , and the y-axis
is the relative intensity.
A theoretical diffraction intensity was calculated for a
single fibre with myofibrils having displacements relative to
one another along the fibre axis. Results are plotted in Fig.3-7
Rapid oscillating intensity with an envelope which is similar to
that of a single myofibril diffraction intensity can be seen.
The intensities ratio of the first maximum of the envelope to
that of the zeroth maximum is about 1.2%, This is comparable to
the ratio of the first maximum and the zeroth maximum,which is
1.75%, of a myofibril. Therefore, this kind of oscillating
intensity can be interpreted as the interference between myofibrils.
The central regions of the left and right first-order diffraction
intensities of this fibre were also plotted in Fig.3-10, and 3-11
Ve can see that the left and right diffraction line intensity are
not symmetrical Moreover, the transverse diffraction intensity
is not symmetrical to £• =1T2? therefore, the minimum intensity
position of the oscillating pattern gives no information about
the diameter of either the single fibre or the myofibrils.
However, the minimum intensity position of the envelope isi
approximately equal to that of a myofibril with diameter of 1 um,
In conclusion, our calculations on an ideal single fibre
reveal that the difference in intensity of the left and right
diffraction lines is solely due to the misalignment of the light
and dark bands of the myofibrils. Fig.3-10 and Fig.3-11 illustrate
the difference of the left and right diffraction lines Theoretical
calculations also reveal that there are sharp diffraction lines
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Fig.3-10 Computer generated left first order diffraction intensity
for an ideal fibre in which the light and dark bands of
myofibrils were not aligned Sarcomere length was set at
2.8 urn and the incident wavelength was 0.6328 Jim. Myofibrils
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Fig. 3-11 Computer generated right first order diffraction intensity
for an ideal fibre in which the light and dark bands of
myofibrils were not aligned. Sarcomere length was set at
2.8 jam and the incident wavelength was 0,6328 jam. Myofibrils
were arranged in regular rectangular array for the
transverse distribution,,
can be determined from the spacing of the diffraction lines
according to equation (3.1?). This have been used for all the
previous studies on fibre diffractions However, sharp diffraction
line predicted from ideal fibre model is not consistent with the
observed linewidth of the diffraction lines Therefore, a
sarcomere length dispersion model will be discussed in chapter
four to account for this discrepancy On the other hand, the
transverse diffraction intensity shows distinctive oscillations
if ideal fibre with myofibrils distributed randomly along the
fibre axis is used in the calculations Moreover, the first
minimum intensity position along the diffraction line gives
the diameter of the myofibrils according to equation (3.20).
However, the frequently observation of the monotonically decayed
diffraction intensity on both ends of the diffraction lines
can not be explained purely by an ideal fibre model. Such
observation suggests that myofibrillar diameter is not identically
equal for every myofibril within a single fibre Therefore, the
effect of niyoiiorillar ciia in0iet dispersion on the tr a 21s v ets0
diffraction will be discussed in chapter five
Chapter k
Sarcomere Length Dispersion Model
h. 1 Introduction
Based on the ideal fibre model, the intensity for a single
myofibril is given by equation (3«i).
(f.D
The diffraction linewidth can be calculated for a single
myofibril vith identical sarcomere unit (Appendix c). For an
incident laser spot with 1 ram in diameter, if the sarcomere length
is set at ?..8 um, there are about 30 sarcomere units which
are illuminated. The linewidth of the first order diffraction
line at i is about 0.02° according to equation (-•+ . 1).
However, the observed linewidth for the first order diffraction
line was found to be 0U3°- 0,3° The discrepancy between
theoretical prediction and experimental observation suggests
that sarcomere length dispersion'must exist within a single fibre.
The percentage sarcomere length dispersion was reported to be
1-2% by Kawai and Kuntz (1973) and Paolini e_t al (1976),
In this chapter, diffraction patterns for different
percentage dispersion of sarcomere length are calculated for
both a single myofibril and single fibre. Comparison between
experimental results and theoretical prediction suggests that
different group of myofibrils with different mean sarcomere
length exists in a real fibre® With the existence of sarcomere
length dispersion, it is impossible for myofibrils to hare their
light and dark bands aligned® Therefore, the displacement for
each myofibril along the fibre is assumed to be random for the
following calculations®
4.2 TheoryMini—»l—MHWWI—i—M—— IIHiMI'.irft—
For a myofibril composed of n sarcomere units with different
sarcomere length the z-integration (eq®3.7) of the intensity
expression becomes t
(4.1)
For simplicityf let the centre of the first sarcomere unit be ir
the origin, then the z-integration is integrated from ~S 2 to
L-S'2. Equation (4.1) becomes :
(lip)«
Upon appropriate change of the upper and lower limits of each
integration, equation 4.2 can be simplified to :
Lr © j j
where
(hji)
Com,bining with the (01,P ) integration (eq.3»6)t the scattering
amplitude of a myofibril is given by :
where
The square of the scattering amplitude gives the diffraction
intensity of the myofibril in the direction as %
(k.6)
For a single fibre consists of H myofibrils with different mean
sarcomere length and dispersion Of,, the diffraction intensity
of this single fibre is given by :
(4.?:
where r is the position vector of the mth myofibril.El v
4.3 Calculations on the diffraction intensity of a myofibril with
sarcomere length dispersion- -————i - -—'•+——'-—~-—-—.—- -•»-—»-Mmin—-————m— «
In this chapter, we focus our attention on the diffraction
i n h Ana i t. v in t he me r i d iona 1 nlane ( i«e, are kept at For
a single myofibril with sarcomere length dispersion, it is
difficult or even impossible to obtain the diffraction intensi ty
by hand « Therefore the diffraction intensity for a myofibril with
sarcomere length dispersion was calculated with a computer according
to the following procedure :
(1) a set of Gaussian distributed random number R. with zero
mean and unit standard deviation was generated by computer
subroutine as given in Appendix G;
(2) each 2. was multiplied by the sarcomere length deviation (rX O
and added to the mean sarcomere length S , a set of sarcomere
m
length S. with mean B and dispersion (T,f was then obtained;
x m o
(3) the diffrac tion intensity of a single myofibril was worked
out from this set of sarcomere length according equation
(4.6).
Only the first-order diffraction intensities were calculated for
S = 2.8 jxm with (r = 0.8%, 1.'+%, 2.1%, and 2.7%. Results
are plotted in Fig.4-1.
It was found that even when sarcomere length dispersion exists,
the diffraction pattern of a single myofibril shows strong symmetry.
The intensity is symmetrical to both © = TTg and $ = 42 (see
Appendix A). From Fig.4-1, the shape of the peak grows broader when
sarcomere length dispersion grows larger. It was also found that the
0,80 1A% 2,1% ry 0£. ( o
Fig.'4-1 The principle intensity peak of the first-order diffraction line
for a single myofibril with different sarcomere length dispersion
ratio of the first maximum to that of the principle maximum
increased with a larger length dispersion (see Table 4-1).
4.4 Calculations on the diffraction intensity of a single fibrenir;itnwiirnrrniwri aiinrrtrrmi-niiiirrririrvfniirTfinirni'ifiimin-TiTninmMivwm £mttr»smuTi—ini rrmv-r-nrr'mrirn~Trr-—mm—rrr-——i Tnni-if-rmfi nni-irTn--rTii'-r'ii-'--in~t——mmmeMHi-f—
with, sarcomere length dispersioniffryni—wnmrrriiTrirmrrrr -nrnTii in n rT-mrr-Yiiminr —-711
It has been shown that for a single fibre consisted of N myofibrils
m
with different mean sarcomere length S and dispersion cra the
m «--f
diffraction intensity for this kind of fibre is :
To simplify the calculations, letfs consider a more simple and
applicable model in which a single fibre consists of identical
myofibrils with the same mean sarcomere length S and dispersion
m
0~ in parallel,. The diffraction intensity due to a bundle of NO El
identical myofibrils isi
(4.8)
If the phase between myofibrils is preiectly random, then the
diffraction intensity is proportional to that of a single myofibril.
However, since the number of myofibrils in a single fibre is limited,
ideal randomization of the phase between myofibrils may not be
as expected Diffraction intensity for a fibre was considered for
the following different arrangement of myofibrils in a single
fibre :
(i) transverse arrangement :
Table -1ir'HitihTbii11—frnrimTiBiiiiiinm
The intensity ratio of the first maximum to that of the principle









(1) randomized regular rectangular array (RRRA} enclosed
by a circle as shown in Fig.3-6B;
(2) regular rectangular array (ERA) enclosed by a circle
as shown in Fig»3-6A;
(ii) longitudinal arrangement : each myofibril was uniformly
displaced vithin the mean sarcomere length interval S .
The diffraction intensity of a single fibre with sarcomere
length dispersion was calculated with a computer according to
the following procedure :
(1) the intensity of myofibril, w a s c a 1 c u la t e d
as in section
(2) a set of uniformly distributed random number U. which
was distributed in the interval (0,1) was generated by
computer subroutine as shown in Appendix H;
(3) each U. was multiplied by the mean sarcomere length S
i ° m
to get a set of random number z. which was uniformly
distributed in the interval (0S );7 m
(k) to evaluate the phase term in equation (kw8), the
position vector r. of each myofibril was obtained by
combining the x., y. coordinate of the transverseX X
arrangement (1) or (2) with z.;
(3) the diffraction intensity vas obtained by multiplying
the interference term with the intensity of a myofibril
First-order diffraction intensities for left and right
diffraction lines were calculated for S, = 28 urn with dispersionm x
0809d, 1.402.10J6 and 27% Bue to the interference
term, it was found that the left and right diffraction intensities
are not symmetrical though the myofibrillar distribution are
random. Results are plotted in Fig.4-2 and 4-3
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From the calculated results for single myofibrils as shown in
Fig.4-1, it was found that the position of the diffraction line
satisfied equation (3.17) if S is taken as the mean sarcomere
length £ . The diffraction linewidth increased for larger
sarcomere length dispersion. Furthermore, there were peaks in
both sides of the principle diffraction line. The first peak
attained a magnitude about 6-20$ of the principle intensity
maximum for different sarcomere length dispersion.
The diffraction intensities of a single myofibril with
different percentage dispersion are symmetrical to both
and However5 due to the interference of myofibrils, the
left and right diffraction intensities of a single fibre are not
symmetrical to neither • Nevertheless, upon
rotate the fibre 150 through its axis? i.e. the
asymmetry of intensities in left and right diffraction lines
are reversed (see Appendix F). This theoretical prediction is
consistent with the observation reported by Rudel and Zite-Ferenczy
(1979) that the asymmetry in intensity of left and right diffraction
were reversed when the fibre was rotated 180° through its axis.
When comparing theoretical diffraction intensity of a single
fibre with experimental results, it was found that the theoretical
fi
prediction agreed only with the envelope of the diffraction line
o. 8% l.k% 2.1% 2.7%
Fig. h-2 The principle intensity peak of the first—order diffraction
line for a single fibre with different sarcomere length
dispersion
Left Right
Fig.h-3 The first-order left and right diffraction line
intensity for a single fibre with a sarcomere length
dispersion o 08:'o«O
(Fig.f-4) which is a Gaussian shape curve.
Within the Gaussian envelope, subpeaks with comparable
intensity were observed by scanning an high resolution film
negative which was exposed at a distance f0 or 70 cm above the
fibre illuminated by laser beam. An experimental curve was
plotted in Fig.4-5- The separations between the three major
r O
subpeaks were about 006 If we consider that these three subpeaks
were due to three different sets of sarcomere length with mean
S „, S and S then the mean sarcomere length for these three
ml m2' rap
sets are found to be 2.891 } 2.9G5 and 2.921 pm - 0.00k pm,
respectively by eq(2.3)« In order to verify our assumption
theoretically, the diffraction intensity for a fibre with three
different mean sarcomere length S=276, S =2.80t and S-2Sk pm
with CT -25% was calculated® Results are plotted in Fig.i—6
The two curves Fig.Jf-5 and Fig.f-6 show similar characteristics,
i.e. they have three comparable intensity peaks.
If the three subpeaks actually come from three different
mean sarcomere lengths, then the percentage change of each
individual mean sarcomere length should have the same magnitude
upon fibre length change. This vas checked experimentally by
measuring the ratio of the mean sarcomere length of corresponding
intensity subpeaks before and after fibre length change. Four
fibres of good quality were used to obtain four pairs of
diffraction lines at different fibre length. Results given in
Table 2-2 are in good agreement with the theoretical prediction
within an experimental error of 0003%
810 80.75 80.5 80.25 8oo
First-order diffraction intensity scaned along the
meridional angle ® . Incident wavelength A, - 51k3$m
The dotted envelope is the theoretical prediction











77,0 77.2 ?7A 77.6
Fig,-5 First-order diffraction intensity scaned along
meridional ©. The three peaks A, and C are
locared at 7736? 77-2°, and 77«A8° respectively.
The corresponding sarcomere length for these three






802 80. 806 80.8 81.0
Fig.if-6 A theoretical plotting of the left first-order
diffraction line for a single fibre with three







99.0 99.2 99, k 99«8 99,8
Fig.9-7 A theoretical plotting of the right first-order
diffraction line for a single fibre with three
different sarcomere length: S ~2 , S~2. 80p.m ,
and S _ = 2.81+Vlm.
m 5
In conclusion, the observed linevidth can be explained by
our diffraction model with sarcomere length dispersion However,
the existence of intensity subpeaks within a diffraction line can
be explained only if a single fibre consists of some subpopulation
of myofibrils with different mean sarcomere length. The theoretical
calculations of our sarcomere length dispersion diffraction model
show that this assumption agrees with the experimental results.
Due to the sarcomere length dispersion, sarcomere unit will no
longer equal in length. Therefore, the alignment of the light and
dark bands of the myofibrils within a single fibre is impossible.
For a random arrangement of myofibrils along the fibre axis, the
symmetry of the single fibre about the x-y plane can not exist.
Consequently, the diffraction to the left and to the right will
not be equal Therefore, difference in intensities of left and
right diffraction lines is expected Furthermore, the observation
by Rudel and Site-Ferencsy (1979) that the intensity of left and
right diffraction lines were reversed when the fibre was rotated






In chapter three, we have shown that an ideal single fibre which
consists of identical myofibrils will give different diffraction
intensity pattern in the transverse direction for different
arrangement of the myofibrils. Three different representative
arrangement of the myofibrils have been considered and the results
are given in chapter three However, the prediction from this
ideal model is inadequate to explain the following experimental
observations® It was found that the intensity of each diffraction
line (ie. the transverse diffraction intensity) decayed monotoni-
cally to zero at both ends of the diffraction line when a single
fibre was illuminated at normal incidence with a laser beam This
characteristic decay was observed for most illuminated spots on the
fibre However, there always exist a few illuminated spots on the
fibre for which the transverse intensity shows distinctive oscil-
lations. The calculation of the ideal fibre model gives that the
transverse diffraction intensity of a single fibre will give
distinctive maximum and minimum when the myofibrils are randomly
displaced along the fibre axis On the other hand, the diffraction
intensity will drop rapidly to zero at both sides of the diffraction
line if all myofibrils are well aligned with their light and dark
bands. However, since the above two kinds of arrangement of the
myofibrils can not occur simultaneously in a single fibre,%
therefore, we can not apply these two different kinds of myofibrillar
arrangement to a single fibre at the same time. Furthermore, the
sarcomere length dispersion confirmed in the previous chapter
ruled out the possibilty that myofibrils will have their light
and dark bands aligned Therefore, the monotonia decay of the
diffraction intensity along the transverse direction can not be
interpreted as - due to the good alignment of the myofibrils
It have been shown in chapter three that the diffraction
pattern in the azimuthal plane is governed partly by the diameter
of the myofibrils. The diameter of the myofibrils are directly
related to the first minimum intensity position of each diffraction
line if each myofibrillar diameter is identical® However, the
assumption of identical myofibrillar diameter is not consistent
with a real fibre. Therefore, a diffraction model in which the
composite element of the fibre, the myofibril, is considered as
a cylindrical body with diameter dispersion is given in the
following section. From this model, the monotonic decay of the
diffraction intensity and the distinctive oscillation of the
diffraction intensity along the transverse direction can be
explained by the dufferent degree of myofibrillar diameter
dispersion in the illuminated region. The calculations in this
chapter show that the transverse intensity exhibits obser¬
vable oscillations only if the myofibrillar diameter dispersion
is less than 15%®
52 Theory and calculations
The scattering amplitude of a myofibril given in chapter 3
equation (312) can be separated into two parts, one involves






Within a diffraction line, the meridional angle is fixed.
Therefore, cos® is a constant, the term involving only
qz Can be treat0d as a constant• Thus, the scattering amplitude
in the azimuthal planes, the plane contains the incident beam
and normal of the fibre axis, are governed by Qp(qp ) only.
For simplicity, let's consider only the zeroth-crder diffraction
line The meridional angle ® is equal to IF2, for the zeroth-
order line, thus ve have q = 0. In this case, the expression
z
for A(S.) given in chapter 3 equation (310) can be simplified
to :
(3•)
and the scattering amplitude of a myofibril is given by :
(3.5)
w here and n is the number of sarcomere units.
The zeroth-order transverse diffraction intensity due to a
bundle of m myofibrils is
(5«6)
If the relative phase of each myofibril is assumed to be random, the
diffraction intensity of the myofibrillar bundle is the sum of
the diffraction intensity of each individual myofibril, i.e. i
(5.7)
For an ideal case in which the diameter of each myofibril
is identically equal, then the transverse diffraction intensity





However, a more normal state of a single fibre is that it
consists of myofibrils with diameter dispersion. Therefore, the
diffraction intensity should be calculated according to equation
(5.7) Let the myofibrillar diameter distribution be a Gaussian
distribution :
( tr 'f nJ ® ' U J
where
N (d) = number of myofibril with diameter d
n - normalization factor
o
= standard deviation of diameter
= mean myofibrillar diameter
Diffraction intensity for a single fibre with myofibrillar
diameter dispersion vas calculated for d =1.3 p.m and 1.53pis
with £F = 0.01, 0.05, 0.1, 02 , and 0.24 A computer
programme for these calculations is given in appendix I.
Results are plotted in Fig.5-1 - Fig.5-10.
Discussion and Conclusions
It has been shown '.appendix 2) that the diameter of the myofibril
and the position of the first minimum intensity of the zeroth-order
line are related by :
sin { c: 1 aJ o I w
where and d are the refractive index and diameter of the
i
cylindrical myofibril respectively; X is the wavelength of the
incident light beam in free space; -V2 - j? is the angle
between the diffracted and undiffracted light beams Since the
diffraction angle is normally measured in air, the refraction at
the boundary between fibre and ringer solution; ringer solution
and air, requires that
(5,12)
From equation (5-11) and (512), the diameter of the myofibril can
be exactly determined by :
(5.15)
where is equal to 383 and $ . is the diffraction angle in air
mm °
at first minimum intensity Once the diffraction angle 6 . is
mm
measured, the diameter of the fibre can be determined according
to equation (513) for th e known value of n. and X .
1 o
The zeroth-order diffraction intensities measured at
various diffraction angle 6 are plotted in Fig.5-11 ? Fig.5-12
and Fig.5-13 for different sample.. The comparison between the measured
and theoretical intensities indicates some discrepancy. It was
found that, instead of absolute zero intensity predicted by
equation (5.9) for C = 3®83, the measured minimum intensity is
not equal to zero. However, the diffraction intens ity of myofibril
bundle with diameter dispersion computed by using equation (57)
and (5»10) gives an non-zero minimum intensity as shown in
Fig.5-1 to Fig.5-10. Furthermore, our calculations show that
the larger the diameter dispersion, the higher the minimum intensity.
The transverse diffraction exhibits intensity oscillation only
when the myofibrillar diameter dispersion is small. If the diameter
dispersion is too large, the transverse intensity drops monotonically
to zero. It is noted that the shape of the transverse intensity is
directly related to the myofibrillar diameter dispersion. From
the calculations, we found that the oscillations vanish when
the myofibrillar diameter dispersion is greater than 15% The
i
myofibrillar diameter dispersion can be estimated by comparing the
general shape of the observed intensity scan and the theoretical
intensity curve associated with different d and (J ,. If the
m a
diameter dispersion is greater than 15%, the estimation of the
dispersion can only be a rough one because it requires the observed
intensity scan be normalized to one at = 0°. The normalization
of the zeroth-order diffraction line can hardly be obtained
because of the unwanted scatterings by components other than the
myofibrils within the fibre and the contribution of the undiffracted
incident beam. One possible way to obtain a more precisely
estimation of the diameter dispersion is to compare the shape of
the first order diffraction line with the theoretical intensity
curve. The contribution of the undiffracted incident beam and
other unwanted scatterings can be eliminated for the first-order
o
line. Hence, normalization at p = 0 is possible for the observed
intensity. However, if the dispersion is less than 15$?
distinctive intensity minimum and maximum can be observed. The
intensity ratio of the first maximum to that of the first minimum
if
is mainly depended on (J and little on diameter „ The dependence
of intensity ratio 1, !„ . on diameter dispersion (T wereJ 1max I mm J- d
calculated for mean diameter d = 13 pm. Results are given in
Table 5-1® The intensity ratio is very sensitive to 0 _ when a .
d d
is small while it is relatively less sensitive to $ , when (J,Q Q
become larger. Calculations show that an uncertainty of 20o in
measured intensity ratio only result in 1% uncertainly to the
diameter dispersion. Therefore, comparing the experimental
intensity ratio with the theoretical intensity ratio associated
i
with different cf can gives a precise estimation of myofibrillar
diameter dispersion. Three samples with intensity maximum and
minimum are shown in Fig.5-11, 5-129 and 5-13 From the
ratios of their intensity maximum and minimum, the diameter
dispersions were found to be 8%, 10$, and 8% respectively for
Fig.5-11 , Fig.5-12, and Fig.5-13.
For a diameter dispersion of 5%, the difference in intensity
ratio is less than 6% when the mean diameter ranging from
1.2 Jim to 1.6 pm.
Due to the diameter dispersion, it is not suggested to
obtain the mean myofibrillar diameter directly from the position
of the minimum intensity, since the minimum intensity
position is depended on the percentage diameter dispersion
Therefore, a precise way to determine the mean myofibrillar
diameter one should measure the intensity ratio of the first maximum
to that of the first minimum firstly, and then the diameter-
dispersion would be determined. The mean myofibrillar diameter
can be obtained by comparing the experimental minimum intensity
position with the theoretical minimum intensity position associated
with different mean diameter d but with the same diameter
m
« i
In conclusion, single fibre with identical myofibrillar
diameter is not consistent with experimental observations. Our
diameter dispersion diffraction model can explain not only the
monotonically decay of diffraction intensity on both sides of
the diffraction lines, but also can estimate the percentage
diameter dispersion of the myofibrils within a single fibre
precisely from the maximum and nimimurn intensity ratio. Further¬
more, the mean diameter of the myofibrils can be determined by
comparing the experimental intensity minimum position with the
theoretical minimum intensity position with the same diameter
dispersion.
Table 5-1«i mmi —hili i.iiii1i
Theoretical calculations on the intensity ratio
I. . for given sarcomere length dispersion.
1raar 1mm
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From the ideal fibre model, two physical quantities of the fibre,
namely the diameter of the myofibrils and the length of the
sarcomere are related to the structure of the light diffraction
patterns. The separation of the diffraction line 1 in the meridional
plane gives the information about the length of the sarcomeres dhile
the transverse diffraction intensity pattern gives the information
about the cross-section of the myofibrils. However, it has been
-pointed- out that an ideal three dimensional fibre diffraction model.
is inadequate to account for the complex observed diffraction
patterns, for example, the observed linewidth and the observation
that the intensity of each diffraction line decayed monotonically
to zero at both ends of the diffraction line. From the ideal fibre
model, we found that the intensity in the meridional plane is related
only to the sarcomere length and the intensity in the azimuthal plane
is related only to the cross-section of the myofibril (or the fibre)%
Therefore, we can consider the diffraction intensity in these two
planes separately.
When investigating the experimental diffraction intensity
in the meridional plane, we suggests that a diffraction model
with sarcomere length dispersion is an essential point to account
for the observed linewidth of the diffraction lines. Moreover,
detailed studies of the intensity subpeaks of the first order
diffraction line suggest that a real fibre is consisted of
108
different population of myofibrils with different mean. sarcomere
length. The experimental measurement on the sarcomere length
of the diffraction subpeaks agrees with theoretical prediction
for an accuracy of 10.004 /um in sarcomere length determination.
Different intensity patterns were also studied in the
azimuthal plane. The characteristic decays of the diffraction
intensity on both sides of the diffraction line suggests that
myofibrillar diameter is dispersed or the cross section of myofibril
is not regular. On the other hand, the transverse diffraction
intensity shows distinctive oscillations for some illuminated
spot on the fibre. It has been shown that the above experimental
observations can be explained only by a myofibrillar diameter
dispersion model. If we assume that myofibrils are cylindrical,
then based on the myofibrillar diameter dispersion model, the
ratio of the first maximum intensity to that of the first mi ni.:um
intensity gives an precise estimation of. the percentage dispersion
of the myofibrillar diameter. Moreover, the mean diameter of the
myofibrils can be determined by comparing the experimental minimum
intensity position with the theoretical calculation. However,
calculations show that the transverse diffraction intensity will
exhibit observable oscillation if the myofibrillar diameter
dispersion is less than 15%. Otherwise, the transverse diffraction
intensity will drop monotonicaly to zero on both ends of the
* Judy et 1 (1982) recently suggested that the diffraction intensity
•subpeaks were related to discrete sarcomere length distribution.
Tameyasu et al (1982) reported the observation of discrete




Our diffraction model with sarcorere length dispersion
and diameter dispersion can explain the following experimental
observations:
(1) the difference in intensity of the left and right diffraction
lines
(2) the monotonically decays of the diffraction intensity on
both sides of the diffraction lines
(3) the intensity subpeaks within a diffraction line
(4) the reversal of the left and right diffraction intensity
when the fibre was rotated 180° through its axis.
The oblique incidence have not been consider in this thesis,
however, our diffraction model can be easily generalized to this
case by considering only the effect of oblique incident to the
reciprocal vector q.
Appendix A
A-1 Symmetry property of the diffraction intensity of
a myofibril
From Chapter 3 equation (310 T the intensity expression for
a myofibril is
( a 1 —1)
where





From Fig.3-2, we have :










since , we have
(A1-9)
with equation (A1-8) and (A1-9), .we have





From equation (A1-11), we have
(A1-12)
With equation (A1-7)s we have
that is
(A1 -13)
Equation (A1-13) also holds for
Combining Equations (A1 -10) and (A1--13), ve havev
that is




From equations and (A1-15)» the intensity is symmetrical
to both
A-2 Symmetry property of the diffraction intensity of a single
fibre which is composed with identical myofibrils
From Chapter 3 equation (39), the intensity expression for









When the light and dark bands of myofibrils are alignedv then the
position vector of the mth myofibril is given by :
(A2—If)





From equations(Al-6) and (A2-3), we get :
(A2-6)
(A2-7)









Equation (A2-10) implies that the diffraction intensity is
symmetrical to
Appendix B
Calculation for the first minimum intensity position of aw—m»ni'iiwn» an m mi iinmni iimiiim mman iwimb n i 11 m m in mmmmatBWj»iwwiHiinW»iwiii'»
diffraction line of a single myofibriliii« hi mr —iim—1 [mi—nn»n111 him mi inn iiiiimi'jItwi it i « 1 -n—r—ir
Let x be the first zero of the first order Bessel function
J(x). The position of the first minimum intensity in the
azimuthal planes and the diameter of the myofibril are
related by :
(3-1)
since ar for the nth diffraciion












For the first-order diffraction line, n = 1 With = 0.632,8 urn,
o
= 1.377 and S = 2.8 urn, ve have b = O.986. Therefore,
CB-7)
with the numerical value of x. = 3®83, 0 . and 0 . were
1 o,ram Ai,rain
calculated for myofibrillar diameter ranging from 1.0 to 1.5 um.
Results are as follows:
Diameter































This colume gives the angle in the fibre.
This colume gives the angle after refracted into the air.
Appendix C
From equation (3-10, the linewidth is mainly depended on the
sine-term. That is
(C-1)
Let q 2=x and take the poiynominal expression of sin(x) to
z
the third order in x, we have :
(C-2)
2
For each peak of a diffraction line, q-Nfr, and L=n The valueZ
2
of q for in the same diffraction line is given by:
(C-3)
(C-4)
From the two roots of q , the linewidth can be determined since
z
q=k sin 0 • The linewidth for S-2.8um, =0.6328um are 0.017°,z o
0,039°, and 0.116° for n=380, 200, and 70, respectively.
Appendix D— iawmqt»—a——.
The structure factor of a sarcomere unit including the effectwin—i1 ——————m—at——w—i iii— ——cm——dwtmmi—imam— umHMawam—an»tmoMmtmmimtmttaxtmmimttntmmmmmammmmMammmmaitmBmmfmtmtm »—nanimwmiiwflto»wnw«m'i—»—Mww«a wtwwwuw«
of the z-line
mm—iiihii—»r—rwn—r~•—nirm—rrrn—rrr
Vith the present of the z--line, the integration of A(S) are
decomposed into five parts as follow :
(D-1)
where n (z) is the refractive index of the z-line and L is the
z z
width of the z-line. After integration, we have :
(D-2)
The structure factor of the sarcomere unit is :
F(S) A(S)
Appendix E
If the simple grating equation (3-1?) is used as a correct
description of the diffraction lines spacing of a single fibre
diffraction spectrum, then for an oblique incidence with incident
angle cq the left and right diffraction angle Q.{ and Q. will be
different. Consider the following Figs,:




where S is the sarcomere length and a is the wavelength of the






Using equations (E-3) and (E-4) with given sarcomere leneth
and incident wavelength. The difference in left and right
diffraction angle can be obtained The calculated value for
the difference in left and right diffraction angle and ©




1° 14. 12° 14.07° 0.05°
2° 14.16° 14.04° 0.12°
14.?0° 14.02° 0.18°
4° 14.25° 14.01° 0.25°
5° 14.30° 14.00° 0.30°
where and
Appendix F
Reversal of the left and right diffraction intensity upon
rotation of the fibre through the fibre axis 180°
The left and right diffraction intensity for a single fibre
with sarcomere length dispersion myofibrils are not symmetrical




and From equations (A2-2), (A2~3)« and (A2«»zf)t
ve have :
(F-3)
For the left diffraction line, let ve have
(F-k)
For the right diffraction line, let we have
(F-5)
Upon rotate the fibre 180° through its axis, the sign of the





Since the negative sign have no effect on the square of the
summation term , therefore we have :
and
The left and right diffraction intensity are reversed when the
fibre -is rotated through its axis 180°o
Appendix 6
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FOR Ru6' d = 1.3 TO i . 5 STEP . 2
F0R Var~d=. 1 G T0 . 25 STEP . G5
P R I N T T h B c. 1 u ; M e an D i aw e t =• r = ; R c e_ d ; B ei at i o n = ; at d
P R I M T T R B k 6 ; F u R D ~ H y =• d — V ar d a 3 IU H y e d + V ar d 3 5 T E F' V at'- d 15
F 0 R F = 0 T 0 4; 0
I F F 0 T H E N 9 G
P a t- a r - i u 1
GOTO 110
F a t e r - F
IF F -2 2 THEN 350
LET G x = G
F UR B = R y «= d — V ar c 3 ! U R yo d + Vat- d 3 3T EP V ar d 1 .5
X = • 13. 67 25 Ox 2 a- 1 . 4 1 471 -COsTrSN 3 I N F at. er 1.377 ;« . 5
LET J x = CI
FOR 1=0 TO 48
I F I 0 T H E N 2 3 0
I f ar t or-1
J I a c t o r = 1
GOTO 220
I t'ac t of' - I t ac x or i
J t ac t o r — J t ac t o r I + 1
3 1 = X .•••' 3 (. 3 I ) a- •• I I t' ac t o r .1 f ac t o r
J = J X -4 S I X 2
IF H BS01 H BSJ.: iG0 GO) THEN 27 6
! DISP F?D?I
N E X T I
N c l gh t _f ac t r. r- - E 7F' - D~R ye__d 2 2 a V ar__d 2 ' 2 p I . 5. • V ar_ d
L x ~ J x X ) 2 li c i g h t f ac t o p g x
N E X T D
IF FOG THEN 340
No r fi'i = Gx
P R INT T F! B 1 5 ; N or w a 1 i z at i o n = ; No r w
PR I NT
PR INT U0 I NG 5X , DD , 6X , BB . BDBBB ; F , G Nor r..




FOR 1=1 TO 5
PRINT L 3 N 2 ; T R B I 4 ; P R 0 G R R M M E S T 0 P
N E X T I
S T 0 P
END
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